Abstract. Daily station data from U.S. Department of Agriculture snowpack telemetry (SNOTEL) archives through the 1995/1996 season are used to examine the climatic characteristics of snow water equivalent (SWE) for the mountainous western United States and linkages with precipitation (PRE) and temperature. Quality control procedures were developed to screen outliers in each variable. SWE for April 1 at the SNOTEL sites compares favorably with colocated snow course values. Regional differences in the seasonal cycle of SWE are discussed in terms of winter-half precipitation, temperature, and the corresponding SWE/PRE ratio. The percentage of annual precipitation represented by snowfall is highest for the Sierra Nevada (67%), northwestern Wyoming (64%), Colorado (63%), and Idaho/western Montana (62%) sectors, manifesting high SWE/PRE ratios and winter-half precipitation maxima. Lower percentages for the Pacific Northwest (50%) and Arizona/New Mexico (39%) reflect lower ratios and, especially for the latter region, a larger fraction of PRE falling outside of the accumulation season. Interannual variability in SWE in the colder inland regions is primarily controlled by available precipitation. For the warmer Pacific coast regions and Arizona/New Mexico the more important factor is the SWE/PRE ratio, illustrating the sensitivity of these areas to climate change.
Water resources are finite with inherent natural variability and are potentially sensitive to climate change [McGinnis, 1997] . In turn, changes in population, water allocation, laws, institutional practices, and land use must be addressed to determine whether resources will be sustainable both within the limits of natural climate variability and potential future climate states [Pulwarty, 19951. Recognition of the close link between the western United States economy and water has led to a growing body of climate research focusing on this area. The Pacific North American (PNA) teleconnection pattern is a major mode of atmospheric variability that influences climate in the western United States [Wallace and Gutzler, 1981; Barnston and Livezey, 1987] . Positive PNA extremes describe an amplified midtropospheric wave train over North America, with a strong Aleutian Low, a strengthened ridge over the Pacific Northwest and western Canada, and a deeper than normal trough over the eastern United States. In the Pacific Northwest, temperatures are higher than normal and storm systems are deflected northward, resulting in decreased precipitation [e.g., Yarnal and Diaz, 1986; Redmond and Koch, 1991] . These changes lead to decreases in snow water equivalent (SWE) and streamflow [Cayan and Peterson, 1989; Cayan and Webb, 1992; Cayan, 1996] Regarding potential future changes in snowpack conditions and runoff, Nash and Gleick [1991] argue that increases in temperature of 2øC can decrease streamflow in the upper Colorado Basin by 4-12%, with a temperature increase of 4øC resulting in larger reductions [see also Gleick, 1987 ; Lettenmaier and Sheer, 1991]. McGinnis [1997] provides climate change scenarios for the Colorado Plateau using techniques of circulation "downscaling," in which daily SWE records from United States Department of Agriculture (USDA) Natural Resources Conservation Service (NRCS) Snowpack Telemetry (SNOTEL) sites were reconstructed on the basis of circulation indices, with these indices then applied to the general circulation model output with a doubled carbon dioxide concentration. He found significant reductions of SWE as the snow season is reduced 58 days on average. By contrast, precipitation showed little change. Studies conducted using the Martinec-Rango snowmelt runoff model [Rango and Martinec, 1994; Rango, 1995] also show that changes in temperature will have a much larger impact on the seasonal snowpack and snowmelt runoff than changes in precipitation.
Despite all these studies we have little appreciation of regional differences in the mean seasonal evolution and melt of the snowpack, how interannual variations in seasonal snowpack conditions are related to the relative roles of changes in precipitation and temperature, and the contribution of the seasonal snowpack to surface water resources. To address these issues, we utilize data from 625 SNOTEL sites distributed over the montane western United States. Advantages of using SNOTEL data for this assessment are the daily resolution, the availability of precipitation, and more recently, temperature records.
SNOTEL Network
The Given the relatively dense spatial coverage of the daily SNO-TEL records of SWE, precipitation, and temperature, it is perhaps surprising that few attempts have been made to use these data in climate studies. In part, this may reflect the relatively short period of time for which SNOTEL data are available. Furthermore, there have been concerns regarding data quality. These stem from lack of on-site maintenance, sensitivity of measurements to temperature and pressure fluctuations, relatively poor resolution of the instruments, and subjective quality control [Doesken and Schaefer, 1987] . Quality control procedures which we have developed are discussed in the section 3 and in the appendix. In addition, we provide comparisons between the snow course and SNOTEL records and present results from the SNOTEL climatology, evaluating the climatic characteristics and interannual variability of western United States SWE and relationships with precipitation and temperature. The SNOTEL climatology used here extends from the beginning of available records (1963/1964 season for some stations) through the 1995/1996 season. The SNOTEL data were obtained from the USDA NRCS anonymous ftp site wccdmp'wcc'nrcs'usda'gøv' The state of California maintains an additional snow sensor and snow course network, but these data are not included in this study.
Data Preparation

Instrument Limitations
The cumulative daily values of SWE should in theory rise or fall only in response to gain or loss of snow mass. Similarly, cumulative precipitation (PRE) should never decrease. However, SNOTEL records of SWE and PRE contain errors related to limitations of the manometer/pressure transducer system and the possible formation of snow or ice bridges above the pillow surface. In any given annual record one may encounter situations in which a small rise in SWE from one day to the next is not reflected in a corresponding precipitation event. Similarly, small precipitation events during winter are sometimes not paired with a positive change in SWE. Small decreases in SWE may also occur with recorded temperatures well below freezing. Although, in part, this can reflect effects such as drifting, wind scour, sublimation, and blowing snow being recorded as precipitation, as well as foreign material being deposited on the snow pillow (e.g., sticks), in general, 
Mean Snowpack Conditions
Water resource planners typically make use of April 1 SWE as an estimate of potential spring runoff. As such, it is useful to first examine the spatial patterns of April 1 SWE from the SNOTEL network, along with corresponding patterns of PRE and temperature. Spatial plots of mean cumulative April 1 SWE and PRE and mean temperature from October 1 through April 1 are shown in Figure 3 . While the eight regions defined describe the major mountain areas of the western United States, there are obviously withinregion differences due to smaller-scale influences such as variable orographic precipitation patterns. For example, Barry [1973] shows that on the eastern flank of the Colorado Front Range, high-elevation sites near the Continental Divide have a winter precipitation maximum and an autumn minimum, while lower elevation sites have a spring maximum and a winter minimum. Pitlick [1994] divides the Colorado region into "alpine" and "foothills"; the alpine region is dominated by snowfall, and the foothills region is dominated by thunderstorms. Although we acknowledge variability within our regions, as will be made clear, they effectively capture the larger-scale climatic differences across the western United States.
To assist in interpreting Figure 3 , Table 4 provides a regional breakdown of monthly PRE, SWE, and the SWE/PRE ratio for October through March. The monthly ratios are based on the change in cumulative SWE and PRE between the first day of successive months (e.g., ratios for January are based on the In looking at the raw SWE and PRE totals in Table 4 , it is evident that despite the improved catch efficiency provided by the Alter wind shield, precipitation is still underestimated. This is most obvious in regions 5 and 7, where from December through February the monthly accumulated SWE exceeds monthly PRE, which would result in ratios exceeding i.e. To provide an estimate of the undercatchment, we computed the ratio between daily positive SWE increments exceeding 2.5 cm and the corresponding daily PRE increments based on all stations in each region using data for January and February only. The average regional ratio was then used to adjust upward the monthly PRE at each SNOTEL site for October As illustrated in Figure 4 , the high peak SWE values for the Pacific Northwest (region 1) and the Sierra Nevada (region 2) are associated with strong winter-half (October-March) precipitation maxima and summer-half precipitation minima. However, within this general pattern the two regions differ substantially. Monthly precipitation for the Pacific Northwest peaks in November, decreasing thereafter. By contrast, the Sierra Nevada shows more even amounts from NovemberMarch, with a modest late winter peak. The summer precipitation minimum for both regions is understood as the strong Pacific High steers storms to the north. During autumn the high weakens, allowing moisture-bearing systems to track into the Pacific Northwest. As the jet stream migrates south during winter, precipitation tends to remain high over the Pacific Northwest but decreases from its autumn maximum. Attendant increases in storm activity to the south result in precipitation increases over the Sierra Nevada region, such that the precipitation maximum in this area occurs later in the season. This seasonality of precipitation for the west coast is clearly evident in the analysis of Mock [1996] , which includes station data from many sources including measurements from SNOTEL sites. On the basis of greater winter-half precipitation over the Pacific Northwest we would expect a higher seasonal peak in SWE, but this is not observed. For both regions, mean SWE peaks at over 600 mm. This can be understood from the effects of temperature and elevation on the SWE/PRE ratio. For both regions, autumn temperatures are well above freezing, implying that early-season snowfall events tend to be offset by melt events and that especially in October precipitation frequently falls as rain, delaying the seasonal rise in SWE. October and November precipitation is much higher for the Pacific Northwest, but SWE/PRE ratios are smaller by a factor of 2. The temperature contrast between these two regions as shown in Figure 4 is rather small, and we acknowledge a bias in the temperature statistics as they are based on shorter records than for either PRE or SWE (Table 1) . Nevertheless, it appears that for these two comparatively warm regions, the small temperature differences are sufficient to yield large differences in SWE/PRE ratios. Because of the decreased SWE/PRE ratio (Table 4) , the "head start" on SWE accumulation in the Pacific Northwest that would be expected on the basis of precipitation does not occur. Winter SWE/PRE ratios are also lower in the Pacific Northwest, implying more frequent midwinter melt events. Finally, note the sharper peak in SWE for the Sierra Nevada. This is understood as a response to the tendency for precipitation to peak during February and March, while it declines in the Pacific Northwest.
Turning to the northern tier of inland regions, the Blue Mountains, Oregon (region 3) and Idaho/western Montana (region 4) show some similarities with the Pacific Northwest, with a precipitation peak during November and amounts slowly falling off through winter, spring, and summer. However, the seasonal cycles are much weaker with lower winterhalf precipitation totals. The winter-half precipitation maxima reflect the occasional passage of Pacific storms through these areas and for Idaho/western Montana, the development of leeside lows [Whittaker and Horn, 1984] , some of which presumably represent the redevelopment of Pacific systems. The lower precipitation totals as compared to the Pacific Northwest manifest increasing distance from Pacific moisture sources and interception of moisture by mountain ranges to the west (collectively interpreted as increasing continentality). By comparison, northwest Wyoming (region 5) shows a more even precipitation distribution, with generally lower monthly totals than either regions 3 or 4. The median station elevation of these three regions increases eastward (Table 3) and is seen as an eastward decline in mean minimum winter air temperatures and an increase in the duration of below freezing temperatures. The observation that precipitation is comparatively low for the northwest Wyoming region despite the high median station elevations is clearly indicative of the effects of continentality.
The seasonal cycles of SWE in these northern continental regions (regions 3, 4, and 5) can again be explained in terms of the precipitation and temperature regimes and corresponding SWE/PRE ratios. Compared to the Pacific Northwest, these regions are characterized by lower peak SWE, consistent with the less abundant precipitation. However, as revealed in Table  4 , the precipitation is utilized more effectively in increasing SWE such that peak seasonal SWE is higher than would be expected simply given the available precipitation. (Table 4) , peak SWE (Figure 4 ) is less than half that for these regions. Winter-half precipitation in this region is associated with cyclogenesis in the eastern Great Basin [Mock, 1996] . This cyclogenesis tends to occur in association with the transport of Pacific moisture by the southern branch of the jet stream (the subtropical jet), which is generally stronger in E1 Nino conditions. The comparatively low SWE, given the reasonably ample precipitation, is explained by the high temperatures and low SWE/PRE ra- tios. Snowfall is uncommon in October (a SWE/PRE ratio of 0.01), indicating that most precipitation falls as rain and that occasional accumulation events are offset by melt. Even in January, the coldest month, the PRE/SWE ratio is only 0.62, which is still higher, however, than for the Pacific Northwest. Note also that the annual cycle of precipitation in this region is bimodal, characterized by both winter and summer peaks. While, as discussed, the winter peak reflects cyclone activity, the summer pattern relates to convective precipitation associated with the southwestern monsoon [Carleton, 1986 [Carleton, , 1987 Rowson and Colucci, 1992] . Finally, Table 5 shows for each region the date of the climatological seasonal maximum in SWE, the date at which the snowpack disappears, taken as the date for which SWE drops (Figure 4) simply takes longer to melt. The remaining regions, which show lower peak SWE, tend to lose their snowpack around the end of June to the first week in July, the obvious exception being Arizona/New Mexico, which shows an early loss of the snowpack (May 8) and a short melt season of 77 days, indicative of both the low peak SWE and high temperatures.
Significance of Snowfall for Surface Water
Resources
With the SNOTEL data it is also possible to provide for each region an estimate of the fraction of annual precipitation derived from snowfall, which, in turn, provides a sense of the relative significance of snowfall for surface water resources. In Table 4 we assessed the SWE/PRE ratio based on the differences in cumulative SWE and PRE between the first day of successive months and between the April 1 and October 1 values. Here a similar procedure is used. The simplest estimate would be to calculate for each region the ratio between peak seasonal SWE and annual precipitation, the adjustment by annual precipitation accounting for regional differences in the seasonality of precipitation. However, a better estimate is provided by computing at each SNOTEL site the ratio between the sum of all positive daily SWE increments (events) throughout the year and total annual precipitation and then finding the regional average. Using the sum of all positive SWE increments accounts for additional contributions to runoff from snow associated with melt events during the accumulation season as well as snowfall events during the spring ablation season that temporarily add mass. A correction for precipitation undercatchment was applied using the same techniques as for Table 4 . Note also that the percentages are actually based on "effective snowfall" as occasional positive SWE increments, especially during the transition months, could be partly or entirely due to liquid precipitation events that add to the snowpack mass. Interpreting our calculation in terms of the regional percentage of surface water resources derived from snowfall does not follow exactly because of the following: (1) We do not account for infiltration and evaporative losses. (2) While we assume that the SNOTEL sites provide a reasonable spatial representation of the mountain snowpack and precipitation, results are biased to the higher elevations in each region where more precipitation falls as snow. Nevertheless, the percentages do provide a useful basis to compare the relative importance of snowfall for water resources between different regions.
The percentages will tend to be high (low) when SWE/PRE ratios are high (low) (Table 4) and the bulk of precipitation falls during the accumulation (ablation and summer) season. With this in mind, Table 6 shows the region with the highest percentage of annual precipitation derived from effective snowfall is the Sierra Nevada (67%). In terms of the OctoberMarch SWE/PRE ratio (Table 4) *Initial estimate of the percentage of annual precipitation is derived from snowfall computed from the mean ratio between the sum of positive SWE events measured at snow pillows and total annual precipitation measured at precipitation gauges.
*Estimate of the mean undercatchment of precipitation (in centi-
meters) is calculated from the mean ratio between daily SWE events at snow pillows and daily PRE events at precipitation gauges, using data for January and February and SWE increments exceeding +2.5 cm. these regions falls during summer, this is offset by the higher SWE/PRE ratios during the accumulation season. SWE in the lower-elevation Pacific Northwest has a higher seasonal maximum than these inland regions, but because of lower SWE/PRE ratios during the accumulation season and relatively high precipitation totals through the ablation season, SWE is of lesser relative importance in terms of surface water resources. The lowest percentages from Table 6 are for Arizona/New Mexico (39%). Following earlier discussion, this is accounted for by lower SWE/PRE ratios during the accumulation season, especially in October when much of the precipitation falls as rain, as well as the large fraction of annual precipitation falling during summer in association with the southwestern monsoon (Figure 4 ). Table 7 presents linear correlation coefficients between SWE and PRE, between SWE and the SWE/PRE ratio, and between PRE and the SWE/PRE ratio. Because of the shortcomings in air temperature data (appendix) and the short length of the temperature records (Table 1) , we use the SWE/PRE ratio as a proxy for temperature. Hence the correlation between SWE and this ratio effectively illustrates the extent to which variations in SWE relate to temperature. Also shown in Table 7 is the coefficient of deviation (the standard deviation divided by the mean) of SWE, PRE, and the SWE/PRE ratio. There is some redundancy in the correlation between SWE and PRE and that between SWE and SWE/PRE as the independent variables share a common term. Similarly, because of the common term there will be a natural tendency for PRE and SWE/ PRE to be correlated. However, by examining the strength of these different correlations, it is possible to get a sense of the relative importance of different factors in controlling interannual variability in SWE.
Interannual Variability
All regions show significant correlations of at least 0.60 between SWE and PRE. This is, of course, expected as PRE places a fundamental limit on how much snowfall is possible. However, for the Pacific Northwest, the stronger role is played by the SWE/PRE ratio. Here precipitation is abundant but not particularly variable, as is evident from the coefficient of deviation of 0.16. By contrast, because of the low median elevation and high temperatures, temperature anomalies have a strong effect on midwinter melt and precipitation phase, especially during the transition months. This is seen in the higher coefficient of deviation in the SWE/PRE ratio (0.29) and the factor of 4 range between extreme years in the ratio from 0.16 to 0.67 (Figure 5) . The importance of the SWE/PRE ratio in the Pacific Northwest and the influence on this ratio by temperature, rather than precipitation, is further evident in the low correlation between PRE and the SWE/PRE ratio (0.18).
By comparison, precipitation in the other Pacific region, the Sierra Nevada (region 2), is much more variable, but the PRE/ SWE ratio is much less variable, with a factor of 2 range between the high and low years. The more stable ratio is interpreted in terms of the higher elevation and lower temperatures, so that temperature fluctuations have less of an impact on melt and precipitation phase. As such, April i SWE in this region is more strongly controlled by the high variability in precipitation. This is immediately apparent in Figure 5 . Nevertheless, the correlation with the SWE/PRE ratio is still fairly high (0.70). The finding that SWE is correlated with both PRE and PRE/SWE is understood from the significant positive relationship between PRE and SWE/PRE. Put differently, while the strong relationship between SWE and PRE reflects higher elevation as compared to the Pacific Northwest, the relationship also manifests the reinforcing tendency for abundant (meager) PRE to be associated with lower (higher) temperatures, with the available precipitation more (less) efficiently converted into SWE. This relationship is not surprising as anomalous years when the storm track drops far enough south to result in high precipitation totals will be associated with Arizona/New Mexico represents a situation most similar to the Pacific Northwest in that the stronger role on SWE is played by the SWE/PRE ratio. The coefficient of deviation is high for SWE and PRE as well as the ratio (see also Figure 5 ). Clearly, with the high temperatures characteristic of this region, interannual variability in SWE will be sensitive to precipitation phase and midwinter melt. However, the highly variable winter-half precipitation (the most variable of all regions) also plays a strong role. As expected, maximum seasonal SWE is found for the Pacific Northwest, Sierra Nevada, and Idaho/western Montana regions, with the lowest values found for the Arizona/New Mexico region. This regional variability is explained in terms of the seasonal cycles in winter-half precipitation, temperature, and the SWE/PRE ratios. The estimated percentage of annual precipitation represented by snowfall is highest for the Sierra Nevada region (67%) followed closely by the northwestern Wyoming (64%), Colorado (63%), and Idaho/western Montana (62%) sectors, because of both high SWE/PRE ratios and the tendency for most precipitation to fall during OctoberMarch. The percentage is lower for the warm and lowelevation Pacific Northwest (50%) and is lowest for Arizona/ New Mexico (39%), where peak seasonal SWE is small and a large fraction of precipitation falls during summer in association with the southwestern monsoon.
Summary and Conclusions
Interannual variability in SWE is examined in terms of PRE and the SWE/PRE ratio. In the Pacific Northwest and Arizona/ New Mexico the stronger control is exerted by the SWE/PRE ratio (primarily a function of temperature), whereas in the remaining colder regions, available precipitation is the more important factor. For the Blue Mountains, Oregon, the Sierra Nevada, and Colorado sectors, there is a tendency for years of high (low) precipitation to be associated with low (high) temperatures, which reinforces the impact of precipitation in contributing to interannual variability in SWE.
Our results suggest regional differences in sensitivity to climate change. Recall from Figure 5 and Table 7 Some erroneous precipitation values could be adjusted. PRE on day N was compared to that on the previous day (N -1) and subsequent day (N + 1). Occasionally, it was found that while the totals on day N -1 and N + 1 were the same, the day N total was higher or lower. If so, the total on day N was set to that for day N -1. Situations also arose when the difference in PRE between day N + i and N -1 was positive, but PRE on day N was either less than that on day N -1 or greater than that on day N + 1. If the positive difference between day N + 1 and N -1 was less than 0.5 inches, the day N precipitation value was set to the average of the N + 1 and N -1 values.
The PRE and SWE values (including those adjusted as above) were then used to create daily increment (event) values (SWE1 and PRE1), based on the difference in cumulative values between day N and N -1, provided that data for both days were available. Otherwise, PRE1 and SWE1 were coded as missing. To flag gross errors, SWE1 values with an absolute value greater than 10 inches were flagged. A second check flagged questionable situations in which a large snow accumulation event (SWE1 >2.5 inches) was followed on the next day by a large loss event (SWE1 <-2.5 inches), or, conversely (and based on the 2.5 inch limit), a large loss event was followed on the next day by a large accumulation event. Positive PRE1 values over 10 inches were also flagged. Realizing that negative PRE1 values may arise because of instrument limitations, negative increments up to -0.5 inches were allowed to pass. Larger negative increments were flagged. Data were then converted into metric units.
If either the maximum, minimum, or mean temperature was >40øC or <-40øC, then all temperature values for that day were flagged (maximum, mean, and minimum temperature are measured from the same sensor). The temperature sensors occasionally repeat the same value for multiple days. These situations were flagged by inspecting changes in the mean, maximum, and minimum temperatures between day N and N + 1 . If any values (maximum, mean, or minimum) were identical, all temperature records for those days were flagged. Temperature data are provided to the nearest tenth of a degree. While it is possible for consecutive days to have the exact same temperature, it was felt that the loss of a few good points was outweighed by the desire to flag errors.
The 
